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variety of fields [1–5] as a fast, simple, and multi-elemental 
detecting technique with capability of remote detection and 
spatial resolution. However, this technique suffers from a 
relatively low detection sensitivity compared to other tra-
ditional techniques. To overcome this problem, one of the 
most attractive approaches to improve the LIBS sensitivity 
is the double-pulse excitation scheme.

The double-pulse technique has initially been introduced 
by Cremers et al. [6]. It has demonstrated that the emission 
intensity can be enhanced significantly by double-pulse 
experiments. So far, several double-pulse configurations 
have been studied, differing on the geometrical configura-
tion, the wavelength and the temporal order of the two laser 
beams. Mainly, the so-called collinear or orthogonal con-
figuration was often used. In collinear geometry, both the 
laser pulses propagate along the same axis, perpendicularly 
to the target surface with certain interpulse time [7–9]. In 
the orthogonal geometry, two configurations have been pro-
posed: the reheating scheme and the pre-ablation scheme. 
In the reheating scheme, the second pulse parallel to the 
target surface reheated the plasma induced by the first laser 
pulse [10, 11]. In the pre-ablation scheme, a pre-pulse 
spark was created in air before the ablation of the sample 
by the second pulse [12–14].

To obtain more insight into the double-pulse scheme, 
many efforts have been devoted to investigate the signal 
enhancement mechanism of the double pulse. As far as 
we are aware, there exist several explanations, such as an 
increased laser–plasma coupling [15], an increased sample 
heating [16], yielding more ablation [17], and ambient gas 
rarefaction [18]. One should keep in mind that the enhance-
ment mechanism is different with the double-pulse configu-
ration and interpulse time.

The benefits of improving detection limits by double-
pulse scheme have also been reported in several researches. 

Abstract  Two Q-switched Nd:YAG lasers at 1064-nm 
wavelength have been employed to detect the trace ele-
ments in microalloy steel samples by single-pulse and 
reheating double-pulse laser-induced breakdown spec-
troscopy. It is found that the emission lines intensities of 
the trace elements were significantly enhanced by reheat-
ing double-pulse scheme. Furthermore, the extent of the 
enhancement of the line intensity was related to the excita-
tion energy level of the emission line. Then, the emission 
enhancement was explained by the investigation of the spa-
tial resolution of the plasma temperatures. The results have 
shown that the enhancement mechanism can be attributed 
to the greater and hotter plasma generated by the re-exci-
tation of the reheating laser pulse in double-pulse scheme. 
Finally, calibration plots were constructed for Mn, Cr, and 
Cu using a set of certified microalloy steel samples. The 
detection limits of the trace elements were calculated for 
the reheating double-pulse scheme and compared to those 
of single-pulse scheme. It has been shown that the detec-
tion limits of the trace elements were improved by a factor 
of 1.81–3.46 when the reheating double-pulse scheme was 
used.

1  Introduction

Laser-induced breakdown spectroscopy (LIBS) has become 
a powerful method for the analysis of the elemental com-
position of materials. It has been widely applied in a large 
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Burakov et al. [19] investigated the application of the col-
linear double-pulse scheme for detecting heavy and toxic 
metals in soil samples. The detection limit for lead was 
improved to 20 ppm by double-pulse scheme. Ismail et al. 
[20] compared the limits of detection for several elements 
in aluminum and steel alloys, by use of the single and col-
linear double-pulse configurations. Detection limits were 
significantly improved by a factor of 1.5–10 for the ele-
ments by use of the double-pulse configuration.

It should be noted that, for spectroscopic measurements, 
most papers on the analytical performance of double-pulse 
LIBS mainly reported the use of the collinear double-pulse 
scheme because of its simple optical alignment. However, 
in the present study, we decided to fully evaluate the poten-
tialities of the reheating orthogonal double-pulse approach. 
The aim of this study was to compare the reheating double-
pulse scheme and the single pulse in detecting the trace ele-
ments of microalloy steels. For this purpose, the emission 
enhancements of the trace elements were investigated first. 
To better understand the enhancement mechanism, we then 
compare the spatial distribution of plasma temperatures of 
the reheating double-pulse scheme to that of the single-
pulse scheme. The main ideas of enhancement mechanisms 
for the reheating double-pulse scheme will be discussed in 
this study. Finally, the results of the quantitative analysis 
for the trace elements were investigated for both schemes, 
and the improvements of the detection limits in the reheat-
ing orthogonal double-pulse scheme were determined.

2 � Experimental setup

A schematic diagram of the experimental setup for a 
reheating orthogonal double-pulse configuration is shown 
in Fig. 1. A Q-switched Nd:YAG laser (Quantel laser com-
pany) operating at the fundamental wavelength of 1064 nm 
was used as the ablation laser. The pulse energy was 45 mJ, 

and the pulse duration was 8  ns. The laser beam was 
aligned perpendicular to the sample surface and focused 
by a plano-convex lens with a 100-mm focal length. The 
second laser used for reheating the plasma was also a 
Q-switched Nd:YAG laser with the same parameters as the 
ablation laser. The beam of the second laser was directed 
parallel to the sample surface and perpendicular to the abla-
tion laser beam. A lens of 90-mm focal length ensured the 
focusing of the second laser beam in the plasma induced by 
the first laser. A delay generator (SRS, DG645) controlled 
the delay time between the two laser pulses. The measure-
ments were carried out in air at atmospheric pressure. The 
second laser pulse hit the microplasma at a height of about 
1.5  mm above the sample surface. This was the result of 
optimizing measurements showing that the emission inten-
sity was just observed with increasing the distance between 
the focus position of the second laser pulse and the sam-
ple surface. It was proven experimentally that the second 
plasma had no measurable impact on the surface of the 
sample. When comparing double-pulse effects, the zero 
delay time between the two lasers was used for compari-
son. The total pulse energy was 80 mJ for both single pulse 
(two lasers with zero delay time) and double pulses. For 
double-pulse configuration, the interpulse delay was set to 
200 ns, which has been confirmed to be the optimal delay 
time for reheating double pulse in our previous study [21].

For quantitative analysis, an UV–NIR light collector 
(Andor technology) was used to couple the whole plasma 
emission into the fiber (Fig.  1a). On the other hand, in 
order to analyze the enhancement mechanism of reheat-
ing double-pulse scheme, the spatial resolved spectra were 
acquired by an optical system consisting of two lenses with 
focal length of 10 mm (Fig. 1b). This system allowed us to 
detect the local region of the plasma on the image plane, 
as shown in Fig. 1c. The core diameter of the optical fiber 
was 0.1 mm. The plasma emission was sent to an Echelle 
spectrometer (Andor technology, Mechelle 5000) equipped 

Fig. 1   Schematic diagram 
of the experimental system. 
a Collecting system for the 
whole plasma, b collecting 
system for spatial distributions 
of the plasma, and c scheme 
of the points of the plasma for 
measurement
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with an intensified charge-coupled device (ICCD) detec-
tor (Andor technology, iStar 734). The ensemble provided 
a spectral range from 230 to 920  nm, a resolution power 
(λ/Δλ) of 5000. The ICCD was triggered by the Q-switch 
of the second laser. A gate width of 10 μs preceded by a 
delay of 1 μs was used for spectral detection in quantitative 
measurements. While, for spatial resolved spectra, the gate 
delay and width were both set to 1 μs.

A set of microalloy steel certified samples (NCS Testing 
Technology Co., Ltd) were used for quantitative analysis. 
In our study, trace elements including Mn, Cr, and Cu were 
selected for detection. Table  1 lists the certified concen-
trations of these three elements in seven microalloy steel 
samples.

The repetition frequency of the two lasers was both set 
to 1  Hz. For each new measurement, before spectral col-
lection, 20 laser pulses were performed to clean the sample 
surface and remove surface oxides and contamination to 
ensure that the observed spectrum is representative of the 
sample composition. Samples presented for analysis are 
located on a fast translation stage that moves the sample 
between laser pulses, thereby exposing a fresh region of the 
sample to each successive laser pulse. For spatial resolved 
spectra, each spectrum was accumulated for 20 laser 
pulses. However, in order to reduce the influence of signal 
fluctuations, each spectrum was accumulated for 50 laser 
pulses for quantitative analysis. Ten spectra were acquired 
for each sample listed in Table 1, to evaluate the standard 
deviation of the measurement.

3 � Results and discussion

3.1 � Enhancement of spectral line intensity

The strongest spectral lines of the trace elements were 
selected for analysis. For Mn, Cr, and Cu, the analyzed 
line is Mn I @ 403.08 nm, Cr I @ 425.43 nm, and Cu I 
@ 324.75 nm, respectively. Figure 2 shows the character-
istics of the spectral line intensity detected by single-pulse 

and reheating double-pulse configurations. It is clear that 
the emission intensity was enhanced in double-pulse 
experiments. Specifically, the reheating pulse lead to an 
enhancement of about a factor 5 for Mn I @ 403.08 nm, 
3 for Cr I @ 425.43  nm, and 6 for Cu I @ 324.75  nm. 
One can conclude that the reheating double-pulse scheme 

Table 1   Certified concentrations of Mn, Cr, and Cu in the microalloy 
steel samples

Sample Mn (wt%) Cr (wt%) Cu (wt%)

1# 0.151 0.164 0.154

2# 1.1 0.322 0.201

3# 0.571 0.092 0.105

4# 1.50 0.409 0.054

5# 2.00 0.601 0.021

6# 0.110 0.062 0.288

7# 0.043 0.036 0.346
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Fig. 2   Emission spectra of the trace elements produced by single-
pulse scheme (SP-LIBS) and reheating double-pulse scheme (DP-
LIBS)
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is more sensitive to detect the trace elements in microal-
loy steel. Moreover, it can be seen that Cu I @ 324.75 nm 
(with excitation energy level of 3.82  eV) and Mn I @ 
403.08 nm (with excitation energy level of 3.08 eV) have 
a better enhancement than that of Cr I @ 425.43 nm (with 
excitation energy level of 2.91 eV). The different enhance-
ments could be related to the excitation energy levels of 
the line emissions. It has been validated by Gautier et  al. 
[22, 23] that the line emissions with the higher excitation 
energy levels have the greater enhancements in reheating 
double-pulse arrangements. The emission signal enhance-
ment mechanism in reheating double-pulse scheme will 
be explained in the next section by analyzing the plasma 
temperature.

3.2 � Emission enhancement mechanism

The emission enhancement mechanism of double-pulse 
LIBS in different configurations have been investigated 
in several researches. In the reheating orthogonal double-
pulse scheme, the major reason for enhancement is the 
re-excitation mechanisms by the second laser pulse to 
the plasma ablated by the first laser pulse. In a previous 
paper of our study, by time-resolved fast-photography of 
the plasma, it has been shown that the height and width of 
the plasma were increased in the reheating double-pulse 
scheme [24]. In the present study, to understand the signal 
performed in the double-pulse and single-pulse schemes, 
the combining optical system formed the image of the 
plasma onto the plane of one end of the optical fiber. The 
core diameter of the optical fiber was 0.1  mm. The fiber 
was fixed on a translation stage with micrometer precision, 
and it can be displaced in steps of 0.1 mm along the lateral 
(y) and axial (z) directions. It should be emphasized that 
the spectra at a given lateral position (as in Fig. 1c) of the 
plasma are integrated along the line-of-sight on the x axis. 
If these spectra were used to determine the parameters of 
the plasma temperature, then the values are the population 
average along the line-of-sight.

Assuming the local thermodynamics equilibrium (LTE), 
the Boltzmann plot method [25] was applied to determine 
plasma temperatures. In the current study, 11 Fe I spectral 
lines detected simultaneously by the Echelle spectrometer 
were selected to perform Boltzmann plots. The parameters 
of the transitions were taken from the NIST Atomic Spectra 
Database [26], and are indicated in Table 2. In Fig. 3, we 
show typical examples of the Boltzmann plots on the axis 
of the plasma in the single- and double-pulse experiments.

The emission intensity is too weak to be measurable 
at some positions at the front and interior of the plasma. 
Therefore, only the plasma temperatures of a region of 
the plasma with stronger intensity were obtained by the 

Boltzmann plots. The spatial distributions of the plasma 
temperatures in single-pulse and double-pulse schemes 
were shown in Fig. 4. As seen in the figure, the plasma tem-
peratures in double-pulse scheme are significantly higher 
than that of single-pulse scheme. The effective region in 
the plasma for Boltzmann plot temperature determination 
was also increased in double-pulse scheme. In single-pulse 
scheme, the plasma temperature has the maximum at the 
center position on the lateral direction(y) with an axial 
position (z) of 0.3  mm, and decreases for the increasing 
axial and transverse distances. However, in double-pulse 
scheme, the spatial evolution of the plasma temperature 
shows a more complex trend. As shown in Fig.  4b, the 
plasma temperature values at the border of the plasma were 
lower than that in the central regions. On the axial direc-
tion, moving away from the target, the plasma tempera-
ture increases first and reaches a maximum at a position 

Table 2   Spectroscopic constants of Fe I lines used in Boltzmann plot 
temperature determination

Wavelength/nm Ei/eV Ek/eV Aki/s
−1 gk

344.06 0 3.60 1.71E+07 7

360.67 2.69 6.13 8.29E+07 13

361.88 0.99 4.42 7.22E+07 7

371.99 0 3.33 1.62E+07 11

374.55 0.09 3.40 1.15E+07 7

385.99 0 3.21 9.69E+06 9

396.93 1.49 4.61 2.26E+07 7

411.85 3.57 6.58 4.96E+07 13

423.59 2.43 5.35 1.88E+07 9

430.79 1.56 4.44 3.38E+07 9

440.48 1.56 4.37 2.75E+07 9
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Fig. 3   Examples of Boltzmann plots in the SP-LIBS and DP-LIBS 
(gate width tw: 1 μs; gate delay time td: 1 μs; SP-LIBS in thin line, 
and DP-LIBS in thick line). The slope of the Boltzmann plot is 
(−1/κBT)
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of 0.8  mm, then decreases with the increasing distance. 
However, when the distance is greater than 1.3  mm, it is 
noticed that the plasma temperature values rises again 
until the front-head of the analyzing region. This observa-
tion is caused by the re-exciting mechanism by the second 
laser pulse. The position of the second hotter region in the 
plasma on the axis direction was corresponding to the focus 
position of the second laser pulse. Once the second laser 
energy is absorbed by the plasma ablated by the first laser 
pulse, the collision between the particles (electron, ions, 
and atoms) in the plasma plume become more stronger, 
which result in higher plasma temperature. On the other 
hand, more particles in the plasma were ablated during the 
laser–matter interaction, so the hotter region in the plasma 
was produced. Finally, the greater and hotter plasma in 
double-pulse scheme will result in the significant enhance-
ment of the emission spectra. Meanwhile, in the reheating 
process by the second pulse, the population of upper states 
with high-lying excitation energies increases. Hence, the 
intensity enhancement is greater for the lines coming from 
higher excitation energy levels. As shown in Sect.  3.1 of 
this paper, the strongest enhancement was found for Cu I 
@ 324.75 nm.

3.3 � Quantitative analysis

In the last two sections, it has been shown that the emis-
sion intensity is significantly increased by reheating dou-
ble-pulse scheme. That is, the trace elements can be more 
sensitively detected by double-pulse mode. In the present 
section, we measured the concentrations of the trace ele-
ments (Mn, Cr, and Cu) in the microalloy steel as listed in 
Table 1 in double-pulse and single-pulse scheme.

Several ways have been proposed to obtain quantita-
tive information of the samples from LIBS measurements. 
The internal standard method [27] is useful when the con-
centration of a major element present in all samples is 
either know or constant. In our studies, for steel samples, 
iron is considered as an element with constant concentra-
tion, which can be used as the best element for the internal 
standard. In this case, the calibration curves of the elements 
of interest can be obtained by drawing the relative intensi-
ties of the specific emission lines of these elements against 
their certified concentrations. Here, the relative intensi-
ties refer to the emission line intensities of the elements of 
interest (Mn, Cr, and Cu) normalized by the line intensities 
of the internal standard element (Fe). In actual measure-
ments, one should be cautious in selecting the analysis and 
internal standard lines. The theoretical principles of inter-
nal standardization have been studied in Barnett’s stud-
ies [28]. Firstly, the emission lines should be required to 
have minimal interference from other emission lines, and 
are intense enough with negligible self-absorption effect. 
Furthermore, the selection of internal standard line pairs 
requires the judicious balancing of the major tempera-
ture dependent factors, i.e., populations of excited states, 
degree of ionization, and partition function behavior. Tak-
ing into account these principles, for Mn, Cr, and Cu, the 
emission lines of Mn I @ 403.08 nm, Cr I@ 425.43 nm, 
and Cu I @ 324.75 nm are selected as the analyzed lines. 
Further, the corresponding internal standard lines are Fe I 
@ 373.71 nm, Fe I@ 385.99 nm, and Fe I @ 371.99 nm, 
respectively.

The calibration curves for the trace elements (Mn, Cr, 
and Cu) in single-pulse and double-pulse schemes are 
given in Fig. 5. Each data point represents the mean value 
of typically ten individual measurements. The given error 
bars show the calculated standard deviation for the meas-
urements. As can be seen in Fig. 4, in double-pulse scheme, 
the calibration curves of the three elements have steeper 
slopes than that in single-pulse scheme. It has been known 
that the slope of the calibration curve represents the sen-
sitivity of the measurement. The differences in the degree 
of improvement for different elements may depend on 
the element properties. Moreover, compared with single-
pulse scheme, the correlation coefficients of the calibration 

Fig. 4   Spatial distributions of the plasma temperature for single-
pulse scheme (SP-LIBS) and reheating double-pulse scheme (DP-
LIBS). a SP-LIBS, b DP-LIBS
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curves of Mn and Cr are slightly increased by double-pulse 
scheme. Thus, we can conclude that the detection sensi-
tivity of the trace element in steel is improved by double-
pulse scheme.

Detection limits were calculated according to the 
3σ-IUPAC criterion [29] as follows:

where σB is the standard deviation of the continuum back-
ground nearby the analysis line of the specific element and 
S is the slope of the calibration curve of the corresponding 
element.

The detection limits for Mn, Cr, and Cu in the double-
pulse experiments are compared to that of the single-pulse 
experiments in Table  3. One can see that the reheating 
double-pulse technique improves the limits of detection 
by a factor 1.81–3.46 for the trace elements in microalloy 
steels. It is obvious that the degrees of improvement are 
different for the three trace elements. In Sect.  3.1 of this 
paper, it has shown that the emission line intensity of Cu 
I @ 324.75  nm with higher excitation energy level has a 
better enhancement by double-pulse scheme. However, the 
extent of the improvement of detection limit was lowest for 
Cu. These observations may be explained in terms of back-
ground noise enhancement properties of different emission 
lines in the double-pulse configuration. As can be seen in 
Table 3, the analyzed line of Cu has the worst background 
noise properties both in the single-pulse and double-pulse 
configuration, which has a great influence on the detection 
of this element. However, further studies should be carried 
out to investigate this observation.

4 � Conclusions

Two lasers operating at 1064  nm were set up in reheat-
ing orthogonal double-pulse geometry for the quantitative 
analysis of the trace elements in microalloy steel samples. 
General enhancement of the emission line intensity was 
observed for double-pulse spectra compared to single-pulse 
spectra. The emission line intensity of Cu I @ 324.75 nm 
has the best enhancement in double-pulse scheme. It is 
related to the high excitation energy of the emission line. 
The plasma temperature is a key parameter to understand 
the intensity enhancement mechanism of the reheating 
double-pulse scheme. The spatial resolution investigations 
of the plasma temperatures have shown that the significant 
enhancement of the emission spectra can be attributed to 
the greater and hotter plasma in reheating double-pulse 
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Fig. 5   Calibration plots obtained for manganese, chromium, and 
copper in microalloy steel by single-pulse and double-pulse schemes. 
Error bars represent the standard deviation of the intensity from ten 
replicate measurements
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scheme. Comparing the quantitative analysis of the trace 
elements, it is found that the detection limits have been 
improved by the reheating double-pulse experiments.
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Table 3   Comparison of 
limits of detection obtained in 
the single- and double-pulse 
configurations for the trace 
elements in microalloy steel 
samples

Species σB (SP) 10−3 σB (DP) 10−3 LOD (SP) 10−2wt% LOD (DP) 10−2wt% LOD (SP)/LOD (DP)

Cu 3.64 3.35 2.37 1.31 1.81

Cr 3.36 2.7 4.03 1.58 2.55

Mn 1.38 0.71 3.18 0.92 3.46
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